Purpose: To evaluate the influence of particle and air-abrasion on the surface characterization and shear bond strength (SBS) of a Y-TZP ceramic with a resin cement. Materials and Methods: Y-TZP specimens were air-abraded with 50 μm alumina particles; 120 μm alumina particles; 30 μm silica-coated alumina particles (Rocatec Soft); 110 μm silica-coated alumina particles (Rocatec Plus). Air-abrasion was performed before (BS); after (AS); before and after (BAS) zirconia sintering. Surface characterization included roughness (n = 10), wettability (n = 10), morphology (n = 2), and elemental composition (n = 2). For SBS (n = 11), composite resin discs were bonded to the air-abraded and silane-treated zirconia surface, with the resin cement RelyX ARC. Failure mode was determined. Roughness, wettability, and SBS data were analyzed by two-way ANOVA with pairwise interaction and Tukey's test (α = 0.05). Results: Air-abrasion performed with coarser particles at BS and BAS moments provided the highest roughness values, while the lowest roughness values were observed with particles combined with AS moment (p < 0.01). Rocatec Plus provided lower contact angle than the 120 μm alumina particles (p = 0.013), and BAS exhibited lower contact angle than BS (p = 0.002). The combinations 120 μm/BS and the silica-coated alumina particles/AS and /BAS showed the highest SBS (p < 0.05). The combination of each particle/BAS was statistically similar to the same particle/AS. Failure mode was 100% adhesive for all groups. The interaction particle size/airabrasion moment determined the morphological pattern. Silicon was observed only in the Rocatec groups. Conclusions: Roughness was influenced by the particle size and was higher when the zirconia was air-abraded in its green stage. The particle composition played an important role in the wettability and both studied air-abrasion moments provided similar wettability than the one in which air-abrasion is usually performed. The highest SBS values were observed in the three moments, by using certain particles for each moment.
Yttria partially stabilized tetragonal zirconia polycrystal (Y-TZP) ceramic restorations became widely used in clinical practice due to Y-TZP's esthetic potential, 1,2 excellent biocompatibility, 3 low thermal conductivity, 3 and improved mechanical properties. 4, 5 However, despite these attractive characteristics, zirconia is an inert 6 and chemically stable 7 material with little reactive surface area. Therefore, in minimally retentive situations, surface treatment of zirconia is required for the improvement of adhesion with resin cements, which are the most suitable materials due to their improved mechanical properties. 8 Among several surface treatments, such as laser, 4 selective infiltration-etching (SIE), 9 etching with hot solution, 9 and zirconia-silica coating, 7 air-abrasion is a simple and useful method 1, 4, 10 to promote micromechanical retention on the zirconia surface. Besides increasing the surface roughness, 11 airabrasion removes organic surface contaminants 12 and modifies the surface energy, 4, 13 favoring the wettability of the air-abraded zirconia surface by the silane coupling agent. 12 To perform this procedure, different alumina particle sizes (25-250 μm) and compositions (alumina or silica-coated particles) can be used, and these variations can influence e271 the bonding performance at the zirconia/resin cement interface. 14 Apart from the particle characteristics, the moment in which air-abrasion is performed can also affect the bond strength between the zirconia and resin cements. 15 Zirconia frameworks are usually air-abraded before cementation, when the zirconia is already sintered. Air-abrasion induces the tetragonal to monoclinic phase transformation around the surface flaws, preventing their spread, 3, 16 and even increases short-term zirconia strength. 17, 18 However, at the medium and long term, the cyclic loading and moisture (low temperature degradation) favor the growth of the microcracks towards the bulk of zirconia, lowering its strength. [19] [20] [21] Therefore, an option would be to conduct the air-abrasion before sintering the zirconia framework. With this modification, the sintering procedure, besides zeroing the monoclinic phase, 22, 23 could seal or, at least, tightly contain the microcracks created by the particle impact, as a result of the sintering-induced shrinkage. 24 Studies 15, [21] [22] [23] [24] [25] [26] exploring the effect of this modification are scarce, and more data are needed to confirm the advantages that may arise from improvements of zirconia/cement bonding.
Thus, the aim of this study was to investigate the effect of the particle and air-abrasion moment on Y-TZP surface characterization and shear bond strength (SBS) with a resin cement. The null hypothesis was that the particle and air-abrasion moment would not influence the zirconia surface and the SBS at the resin/cement interface.
Materials and methods

Specimen preparation
The materials evaluated in this study are summarized in Table 1 . The specimens for the SBS test (6.25 mm diameter × 2.5 mm thick) were obtained using a saw (Isomet 1000; Buehler Ltd, Lake Bluff, IL) with a diamond disc. For the roughness and contact angle measurements, specimens (17.5 × 17.5 × 1.75 mm 3 ) were obtained and polished with 600-and 1200-grit silicon carbide abrasive papers.
Air-abrasion and zirconia sintering
The specimens for roughness and wettability (N = 120) and those for SBS (N = 132) were randomly allocated to 12 groups, resulting from particle/air-abrasion moment combinations. The 12 groups had equal sample size (n = 10 for roughness and wettability; n = 11 for SBS). The particles used in air-abrasion were: 50 μm alumina; 120 μm alumina; 30 μm silica-coated alumina (Rocatec Soft); and 110 μm silica-coated alumina (Rocatec Plus), and the moments in which air-abrasion was performed were: after (AS -control group), before (BS), before and after zirconia sintering (BAS). The order of performance of the combination particle/airabrasion moment was determined by random drawing without replacement.
The specimens were sintered in a specific furnace (Lava Furnace 200; Dekema Dental-Keramiköfen GmbH, Freilassing, Germany) according to the manufacturer's instructions: 0 to 1000°C (heating rate: 20°C/min); 1000 to 1500°C (heating rate: 10°C/min); 2-hour waiting time; 1500 to 800°C (cooling rate: 15°C/min); 800 to 250°C (cooling rate: 20°C/min); the oven was opened at 250°C. The dimensions of the specimens after sintering were 5.0 mm diameter and 2.0 mm thick for the SBS test, and 14 × 14 × 1.4 mm 3 for the roughness and contact angle measurements.
Air-abrasion of the zirconia specimens was performed using special devices to standardize a perpendicular distance (10 mm between the zirconia surface/tip of the air-abrasion unit). The specimens were air-abraded for 20 and 15 seconds at a pressure of 0.05 and 0.28 MPa for air-abrasion before and after sintering, respectively. The pressure and time used to air-abrade the zirconia surface before sintering was determined after some preliminary analyses performed by SEM for the development of a previous study by our research group. 15 After this, all specimens were ultrasonically cleaned in 99% isopropanol for 3 minutes.
Roughness
The surface roughness (Ra-μm) measurement was performed with a rugosimeter (Mitutoyo SJ-201P; Mitutoyo, Tokyo, Japan) equipped with a diamond stylus of 5-μm tip radius running at 0.5 mm/sec and resolution of 0.01 mm. The cutoff length (λ c ) was 0.8 mm, and the transverse length was 4.0 mm. 2, 27 Three equidistant parallel measurements were made on different areas of the specimen, and the average reading was designated as the Ra value of each. A single calibrated operator recorded all roughness measurements. For this, an intra-observer reliability study was previously performed as follows. Twenty-one additional specimens were enumerated , and three readings were performed and averaged for each specimen. After the first measurement, the numbers were replaced by random letters, so that the researcher did not know the number each letter corresponded to, and 1 week later a second measurement was performed by the same researcher and in the same way previously described. After that, intraclass correlation coefficient (ICC) was calculated and classified according to the Fermanian's classification.
Contact angle
The contact angle is defined as the angle at the intercept of a plane tangent to a drop and the plane containing the substrateliquid interface. Wettability of the silane RelyX Ceramic Primer (test liquid) was characterized by means of the contact angle between the silane and the zirconia-abraded surface. An automated goniometer (Ramé-Hart 200-00; Ramé-Hart Instrument Co., Succasunna, NJ) equipped with a CCD camera recorded the image of the liquid drop placed onto the surface by a microsyringe, and the image processing software determined the contact angle. One calibrated operator obtained two measurements for each specimen, and the average was calculated. Before contact angle analysis, an intra-observer reliability study was performed in the same way as described for roughness.
Bonding procedure
One hundred and thirty two composite resin (Filtek Z350 XT) discs, with the same dimensions of the sintered zirconia discs, were obtained by using a custom-made metal split matrix. Light curing was performed for 40 seconds on the top surface, and two diametrically opposed sides of the resin discs (total of 120 seconds), and the bottom surface was bonded to the zirconia-abraded surface. The silane RelyX Ceramic Primer was applied to the zirconia-abraded surface for 5 seconds and left to dry at room temperature.
The zirconia disc was accurately positioned in a custommade alignment device with the treated surface facing up. The RelyX ARC dual-cured resin cement was proportioned by weight, mixed, placed onto the bottom surface of the composite resin disc, and positioned over the zirconia specimen. The excess cement was removed, and a 1000-g load was applied on top of the composite resin disc for 5 minutes. 6 The bonded specimens were light-cured in three different positions (120º, 240º, and 360º) of the cementation line for a total of 120 seconds, under the same conditions used for the photoactivation of the composite resin discs.
After bonding, the specimens were stored in distilled water at 37ºC for 24 hours and were then thermocycled (5-55ºC/10,000 cycles/30-secon dwell time). After this, the specimens were re-stored in distilled water at 37ºC for 24 hours.
Shear bond strength test
A custom-made special holder based on the study by Fawzy and El-Askary 28 and used by Sciasci et al 29 was attached to the EMIC DL2000 mechanical testing machine (EMIC DL 2000; EMIC Equipment Systems and Test Ltda, São José dos Pinhais, Brazil) equipped with a 1 kN load cell. The bonded discs were subjected to a uniaxial tensile force at the adhesive interface at a constant crosshead speed of 0.5 mm/min until failure. SBS values were recorded in MPa. 
Failure analysis
A single observer examined all the debonded specimens under a stereomicroscope (model M80; Leica Microsystems Ltd, Heerbrugg, Switzerland) at 20× magnification. According to the predominant mode of failure in each quadrant 30 of the zirconia surface, the failure mode was classified as: adhesive (complete zirconia surface was visible), cohesive within the cement layer or within the composite resin (almost all of the fracture surface was covered with cement or with composite resin), or mixed (a combination of adhesive and cohesive). Two representative debonded discs of each group were analyzed under a scanning electron microscope (model JSM-6610LV; JEOL Ltd, Akishima, Japan), which operated at 17× magnification with an accelerating voltage of 12.0 kV.
Statistical analysis
Surface roughness (μm), contact angle (degrees), and SBS (MPa) data were analyzed by two-way ANOVA with pairwise interaction (particle and air-abrasion moment) followed by the Tukey's Honestly Significant Difference (HSD) post-hoc test (α = 0.05) to determine differences among the means. Statistical analysis was performed using IBM SPSS statistics software (v20; SPSS Inc., Chicago, IL).
Scanning electron microscopy (SEM) and elemental composition analyses
For the SEM analysis, two additional block specimens (6.0 × 6.0 × 1.0 mm 3 ) from each experimental group were obtained. The specimens were mounted on metallic stubs and analyzed under a high-resolution field emission scanning electron microscope (model JSM-6610LV), which operated at 500× magnification with an accelerating voltage of 5.0 kV.
The elemental composition of the same specimens was qualitatively analyzed using energy dispersive X-ray spectroscopy (EDS). The specimens were examined under 50× magnification and 7.0 kV accelerating voltage by the same scanning electron microscope fitted with an energy dispersive X-ray spectrometer.
Results
According to the results of the two-way ANOVA with pairwise interaction for roughness (Table 2) , the interaction was significant (p < 0.001), indicating that the pattern for average roughness was not the same across all particle sizes and airabrasion moments. Table 3 shows the mean Ra (μm) values in Concerning the wettability, the two-way ANOVA with pairwise interaction (Table 4 ) revealed significant difference for the particle (p = 0.010) and for the air-abrasion moment (p = 0.002), but not for their interaction (p = 0.896). Table 5 presents the mean contact angle (degrees) values, SDs, and statistical results identified with the Tukey's HSD test. Regardless of the air-abrasion moment, within the same composition, the size of the particle did not influence the wettability of the air- abraded zirconia by the silane. Rocatec Plus provided lower contact angle than the 120 μm alumina particles (p = 0.013), while 50 μm alumina particle abrasion was not statistically different from any other particle. The BAS moment exhibited lower contact angle than the BS moment (p = 0.002), and the AS moment was statistically similar to both moments. To determine the practical clinical differences of our contact angle results, the effect size of the particle and air-abrasion moment was determined by calculating the partial eta squared (0.098 and 0.108, respectively), indicating that the differences found in the contact angle had a moderate clinical significance. The ICC for wettability analysis was 0.67. The two-way ANOVA with pairwise interaction (Table 6 ) for the SBS pointed to a significant difference for the interaction (p < 0.001), indicating that the pattern for average SBS was not the same across all particle sizes and air-abrasion moments. Table 7 exhibits the SBS (MPa) mean values in descending order, SDs, and statistical results identified with the Tukey's HSD test. The combinations 120 μm/BS and the silica-coated alumina particles/AS and /BAS moments showed the highest SBS values (p < 0.05), being that the groups 50 μm/BS and Rocatec Plus/BS were not statistically different from the silica-coated alumina particles/AS and /BAS groups. The combination of each particle/BAS was statistically similar to the same particle/AS moment. The failure mode observed was 100% adhesive in all groups.
The representative SEM images of the zirconia surface after air-abrasion (Fig 1) indicated that the particle and the airabrasion moment did not provide a systematic morphological pattern, which was determined by the particle size/air-abrasion moment interaction. The EDS analysis revealed the presence of 
Discussion
The results of this study did not support acceptance of the null hypothesis, since the particle and the air-abrasion moment influenced the roughness, wettability, and shear bond strength. Regarding the surface roughness, the results obtained in this study showed that air-abrasion performed with coarser particles at BS and BAS moments provided the highest roughness values, while smaller particles combined with these moments achieved intermediate roughness. The lowest roughness values were observed with particles combined with AS moment. Two other studies 21, 24 also observed that, for the same particle size, air-abrasion before zirconia sintering promoted higher roughness when compared to air-abrasion after sintering. Monaco et al's study, 23 in which the 30 μm silica-coated alumina particles (Rocatec Soft) and the 50 and 110 μm alumina ones were used for the air-abrasion of a Y-TZP ceramic before and after sintering, found these same behaviors. The higher roughness observed for the BAS and BS groups over the AS, regardless of the particle used, was already expected, considering the lower zirconia hardness in its green-stage, as also was expected due to the higher roughness provided by the larger particles, which have a greater potential to imprint the zirconia surface. In general, the morphological images are not fully in line with the roughness findings. Regarding the AS group, as also observed in the BS and BAS groups, the surface air-abraded with 120 μm alumina particles was rougher than those air-abraded with the smaller particles (30 and 50 μm) . In this situation, the SEM images ( Figs 1C, 1F , II) are in accordance with the roughness results, revealing a more clearly bumpy surface when the air-abrasion was performed with the larger particles; however, due to the high hardness of the fully sintered zirconia, 5 the Ra values provided by the different particle sizes are closer to each other, indicating that, for the air-abrasion after zirconia sintering (AS group), the particle size influences this property less.
One of the purposes of air abrasion is to create a highly activated surface, favoring the wettability of the air-abrasion surface by the material applied afterwards. 12, 27 In this study, two interesting results concerning the contact angle can be observed. One is that, regardless of the air-abrasion moment, within the same composition, the size of the particle did not influence the wettability of the air-abraded zirconia by the silane. The other is that particles with similar mean size, but with different compositions, like the 120 μm alumina particles and that of the Rocatec Plus (110 μm), promoted significantly different contact angles. It seems that while the roughness is influenced by the particle size, the wettability is determined by the particle composition. This scenario makes sense since, in this study, a silane-coupling agent was applied on the air-abraded zirconia surface for the wettability analysis. Silane has a higher chemical affinity to silica than to alumina. 13 Regarding the air-abrasion moment, the BAS moment exhibited lower a contact angle than the BS moment, despite the similarity in roughness between these two moments, for all particles. The additional air-abrasion after zirconia sintering in the BAS moment might have increased the surface free energy, resulting in higher wettability, but this assumption should be investigated. On the other hand, the BS moment provided a contact angle statistically similar to the AS moment, in which air-abrasion is usually performed, indicating that wettability was not impaired when air-abrasion happened before zirconia sintering.
The highest SBS was observed for the combinations 120 μm/BS and the silica-coated alumina particles/AS and /BAS moments. The combination of each particle/BAS was statistically similar to the same particle/AS, even though the particles combined with BAS promoted significantly rougher surfaces than the particles combined with AS. From these results, it can be observed that at both moments wherein airabrasion was performed after zirconia sintering (BAS and AS), silica-coated particles had a better performance than the alumina ones. Although at both moments, the contact angles resultant from the air-abrasion with 50 μm alumina particles were not statistically different from those found with the silicacoated alumina particles, those particles exhibited significantly lower SBS than the silica-coated ones. As noted for the wettability, in these two air-abrasion moments, the particle composition was responsible for determining the SBS. In the Rocatec Soft/BAS, Rocatec Plus/BAS, Rocatec Soft/AS, and Rocatec Plus/AS groups, besides the micromechanical retention, which contributes to the bonding at the zirconia/resin cement interface, a chemical bond occurs between the inorganic groups of the silane RelyX Ceramic Primer and the silica deposited on the zirconia surface by air-abrasion, 11, 31 as evidenced by EDS, explaining the superiority of these groups, although they presented 100% adhesive failures as did those air-abraded with alumina particles. Another study 29 also observed that the silica-coated alumina particles provided significantly higher SBS values than the alumina ones when a silane was used before bonding with RelyX ARC.
Conversely, when air-abrasion is performed before zirconia sintering, the 120 μm alumina particles behaved better than the silica-coated ones, despite their significantly higher contact angle in relation to that of Rocatec Plus. The 120 μm alumina particles provided significantly higher roughness mean values and a slightly more pronounced topography than the other three particles ( Figs 1A, 1D, 1G, 1J ). Monaco et al 25 also found that for the air-abrasion before zirconia sintering, the alumina particles (50 and 110 μm) promoted higher SBS values than the 30 μm silica-coated ones; however, they reported no significant difference between the 50 μm and 110 μm alumina particles. It seems that, at the BS moment, the roughness may have played a more decisive role in the SBS. Except for the 50 μm alumina particles, the SBS provided by the other particles increased according to the increase in the particle size, probably favoring the micromechanical interlocking.
Similar to our results, He et al 21 observed that the air-abrasion of the zirconia surface with alumina particles (100 μm) prior to sintering promoted an increase in SBS, as compared to airabrasion after sintering. Other studies reported no significant differences among BS and AS moments when 50 μm 22, 25 and 120 μm 26 alumina particles were used. Regardless of the fact that the air-abrasion with alumina particles provided statistically higher (as observed in this study and in the study by He et al 21 ) or similar (as reported by other authors 22, 25, 26 ) SBS in the comparison between the BS and AS moments, the airabrasion before zirconia sintering would be a more interesting option for two reasons: (1) the sintering procedure zeroes in on, by reverse transformation, the monoclinic phase content 15, [21] [22] [23] [24] resulting from the air-abrasion step; and (2) possibly, the sintering shrinkage of the Y-TZP ceramic may contain or even seal the microcracks created by the air-abrasion. This last assumption needs to be confirmed. In addition, Abi-Rached et al 15 reported that the air abrasion of zirconia before sintering did not decrease the flexural strength in relation to that of as-sintered non-abraded zirconia.
Regarding the SBS results in this study, five associations between particle/air-abrasion moment (120 μm alumina particles/BS, Rocatec Soft/BAS, Rocatec Plus/BAS, Rocatec Soft/AS, Rocatec Plus/AS) provided the highest mean values. Considering the statistical similarity observed for the silica-coated alumina particles/BAS and /AS moments, since the latter is simpler to execute than the former, the Rocatec Soft/AS and Rocatec Plus/AS groups could be preferred when compared to the Rocatec Soft/BAS and Rocatec Plus/BAS groups. Faced with the results and the reported benefits of performing air-abrasion before zirconia sintering, air-abrasion at the BS moment should be considered an alternative.
One of the limitations of this study was that the analysis of the surface free energy after air abrasion with different particles at the three moments was not performed, which could bring additional information, mainly concerning the effect that sintering promotes on the zirconia surface previously air-abraded with different particles (alumina particles and silica-modified alumina particles). In addition, assuming that air abrasion happened before zirconia sintering, contamination of the air-abraded surface during subsequent clinical steps would be unavoidable. Another limitation of the study was that simulation of contamination was not performed, which could lead to different results. Future studies that investigate the durability of the bond strength, as well as the mechanical behavior of the zirconia with these associations between the particle/air-abrasion moment under a long-term moisture environment and cyclic loading, in order to simulate the adverse conditions of the oral cavity, should be conducted.
Conclusions
Considering the limitations of this study, the following conclusions can be drawn:
1. Roughness was influenced by the particle size and was higher when the zirconia was air-abraded in its green stage. 2. The particle composition played an important role in the wettability, and both proposed air-abrasion moments provided similar wettability than the one in which airabrasion is usually performed. 3. The highest SBS values were observed in the three moments, by using certain particles for each moment.
Clinical significance
Air-abrasion performed with certain particles before (BS) or before and after (BAS) zirconia sintering provides bond strength values compatible with the highest values resultant from the air abrasion after zirconia sintering, with the advantage that zirconia presents no monoclinic phase when air-abraded before sintering (BS), which could contribute to a higher durability of the restoration.
